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Abstract
The electronic and magnetic properties of the graphene/Eu/Ni(111) intercalation-like system are studied
in the framework of the GGA+U approach with dispersive interactions taken into account. Intercalation of
monoatomic Eu layer underneath graphene on Ni(111) leads to the drastic changes of the electronic structure
of graphene compared to free-standing graphene as well as graphene/Ni(111). The strong influence of the
spin-polarized Eu 4 f states, crossing the graphene-derived pi states, on magnetic properties of graphene and
on spin-filtering properties of the graphene/Eu/Ni(111) trilayer is discussed.
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I. INTRODUCTION
Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, presently attracts
much attention due to its unique physical properties1–3. Many of these properties are defined by
the behaviour of the graphene-derived pi states in the vicinity of the Fermi level (EF ), which have
a linear dispersion around the K points of the graphene Brillouin zone (BZ). This also leads to the
zero-level density of states (DOS) at EF attributing graphene to a class of solids called semi-metals.
Such properties make graphene an ideal material for the fabrication of different low-dimensional
devices which were already made or proposed3,4.
Any application of graphene in the real electron- or spin-transport devices implies the use of
the graphene-metal contacts, which can drastically modify electronic as well magnetic proper-
ties of graphene. For example, the efficiency of charge- or spin-injection depends on the effec-
tive resistance of such graphene/metal interface. Recently, many experimental and theoretical
works were devoted to the consideration of the structural, electronic and magnetic properties of
the graphene/metal systems. These results were intensively discussed in several review-style arti-
cles published in the last five years5,6. However, as it can be found, up to now there is no complete
understanding of the physical and chemical processes, which may adequately describe or predict
properties of a graphene/metal interface7.
Recently, in a series of experimental and theoretical works, it was shown that electronic and
magnetic properties of the graphene/metal interface can be tailored in different ways that graphene
either may behave like free-standing (linear dispersion of the graphene pi states is preserved) or
strongly interacting with substrate (linear dispersion of pi states is fully destroyed due to the hy-
bridisation with the valence band states of metal). For example, graphene becomes magnetic when
it is in contact with ferromagnetic substrate, Ni(111) or Fe/Ni(111)8. In this case graphene behaves
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like “strongly” bonded to the substrate due to the strong intermixing of graphene pi and Ni (or Fe)
3d valence band states and the linear dispersion of pi states is fully destroyed. However, the linear
dispersion can be restored and the interaction between graphene and substrate can be weakened
upon intercalation of different metals, like Al or noble metals9–15.
Surprisingly, not many works exist, which deal with the interface between graphene and 4 f
rare earth (RE) metals16,17, although RE graphite intercalation compound (GICs) were in focus
during last two decades18–21 because of the interest to the superconductivity of YbC622–25. In
order to fill this niche we make a first step in this direction where Eu(6s24 f 7) single layer is placed
in-between graphene and Ni(111). Here we present the systematic DFT studies of the electronic
and magnetic properties of the graphene/Eu/Ni(111) intercalation-like system. We found that
graphene in this system is strongly n-doped and behaviour of its pi states around the Dirac cone is
strongly influenced by the Eu 4 f states demonstrating for spin-up electrons a strong hybridisation
between valence band states of graphene and Eu. The linear dispersion of the graphene pi states
is conserved for spin-down electrons. Perspectives of application of such interface in possible
spin-filtering devices are discussed.
II. THEORETICAL AND COMPUTATIONAL DETAILS
The DFT calculations were carried out using the projector augmented wave method26, a plane
wave basis set and the generalized gradient approximation as parameterized by Perdew et al.
(PBE)27, as implemented in the VASP program (v. 5.2.12)28. The plane wave kinetic energy cutoff
was set to 500 eV. The nuclei and core electrons are represented by frozen cores and PAW poten-
tials, leaving the C 2s2p, Ni 3d4s, and Eu 5s5p5 f6s electrons treated as valence electrons.The
strong local Coulomb interaction of the Eu 4 f electrons is accounted for within the DFT+U ap-
proach with the Coulomb parameters of U = 7 eV and J = 1 eV that are known to be well suited
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to describe rare earth systems29,30. The long-range van der Waals interactions were accounted for
by means of a DFT-D2 approach proposed by Grimme31. The studied system is modelled using
a supercell, which has a (
√
3×√3)R30◦ overstructure with respect to the unit cell of graphene
[Fig. 1(a)] and consists of 53 atoms: 13 layers of Ni atoms (3 atoms per layer) with one Eu layer (1
atom each) and a graphene sheet (6 atoms per layer) adsorbed on both sides of the slab. Metallic
slab replicas are separated by about 24 A˚ in the surface normal direction, leading to an effective
vacuum region of about 17 A˚. In the total energy calculations and during the structural relaxation
(the positions of the carbon atoms as well as those of Eu and the top two layers of Ni are opti-
mized) the k-meshes for sampling of the supercell Brillouin zone were chosen to be as dense as
24×24 and 12×12, respectively, when folded up to the simple graphene unit cell.
The scanning tunneling microscopy (STM) images are calculated using the Tersoff-Hamann
formalism32, which states that the tunnelling current in an STM experiment is proportional to
the local density of states (LDOS) integrated from the Fermi level to the bias. The STM tip is
approximated by an infinitely small point source. The integrated LDOS is calculated as ρ¯(r,ε) ∝∫ EF
ε ρ(r,ε ′)dε ′ with EF the Fermi energy. An STM in constant current mode follows a surface
of constant current, which translates into a surface of constant integrated LDOS [ρ¯(x,y,z,ε) =C
with C a real constant]. For eachC, this construction returns a height z as a function of the position
(x,y). This heightmap is then mapped linearly onto a corresponding colour scale.
III. RESULTS AND DISCUSSION
The widely accepted structure of graphene/Ni(111) is when carbon atoms are arranged in the
so-called top-fcc configuration on Ni(111)33. In this case one of the carbon atoms of the graphene
unit cell is placed above the top Ni atom [Ni 1 in Fig. 1(b)] and the second carbon atom is placed in
the f cc hollow site of Ni(111) slab [above Ni 3 in Fig, 1(b)]. Our earlier and present calculations
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performed under the same computational settings confirmed this model9,34.
In case of graphene/Eu/Ni(111), it is assumed that this system has (
√
3×√3)R30◦ symme-
try with respect to graphene/Ni(111) as this symmetry was found for Eu-GIC18,20. Considering
possible crystallographic structures of this intercalation-like system, one can see that Eu atoms
below graphene can be placed either in the FCC or in the HCP hollow sites of the Ni(111) slab
or above the interfacial (TOP) Ni atom. Our calculations demonstrate that the HCP arrangement
is significantly (by ca. 0.25 eV) more stable from the energetic point of view. The top and side
views of this structure are shown in Fig. 1(a,b), respectively. Here, the distance between graphene
layer and underlying Eu is 2.57 A˚ that places the graphene/Eu/Ni(111) between “strongly” and
“weakly” interacting graphene-metal interfaces.
Intercalation of Eu underneath graphene on Ni(111) leads to the strong modification of the
electronic structure of graphene. Fig. 2 shows the spin-resolved C-atom projected DOS for (a)
free-standing graphene, (b) graphene/Ni(111), and (c) graphene/Eu/Ni(111). The panel (d) shows
the respective spin-resolved Eu 4 f partial DOS for the graphene/Eu/Ni(111) system (here only
spin-up channel is shown; the spin-down Eu 4 f peak is located at 8.4 eV above Fermi level and not
shown here). The inset of (d) shows the band structure of the graphene/Eu/Ni(111) system around
the K point for the spin-up channel. The modification of the electronic structure of graphene
upon its adsorption on ferromagnetic Ni(111) was discussed earlier in a series of experimental
and theoretical works9,33,35–37. All these works identify the significant changes in the electronic
structure of graphene in this system compared to free-standing graphene: graphene is strongly
n-doped; there is a strong hybridisation between graphene pi and Ni 3d states that leads to the
appearance of the induced magnetic moments of carbon atoms in this system8; several, so-called,
interface Ni 3d–graphene pi states appear in the large band gap between pi and pi∗ states.
Intercalation of Eu between graphene and Ni leads to the decoupling of the electronic states
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of graphene from that of the Ni(111) substrate. Graphene in the graphene/Eu/Ni(111) system is
n-doped due to the partial transfer of the mobile Eu 6s electrons on the pi∗ states of graphene. The
charge transfer from Eu to graphene leads also to the shift of the 4 f level by≈ 0.5 eV to the smaller
binding energies [Fig. 2(d)]. As there is no hybridisation between graphene pi states and d states of
substrate, the Dirac cone is restored and it is found at binding energy (BE) of 1.2 eV. It is interesting
to note that there is a clear hybridisation between graphene pi and Eu 4 f valence band states at
higher binding energies (compared to the energy of the Dirac point). Since the Eu 4 f states are
strongly spin polarized (due to the contact with ferromagnetic Ni(111) substrate), for the occupied
states this hybridization appears only for spin-up electrons in the range of 1.7−2.0 eV of BE. This
interaction opens a gap of ≈ 220 meV around the Dirac point of graphene for spin-up channel. At
the same time the linear dispersion of graphene pi states for spin down electrons remains intact with
a band gap of ≈ 130 meV around Dirac point (now shown here). This effect correlates with the
conclusion made recently in Ref.7, where authors claim that only broken sublattice symmetry for
two carbon atoms in the unit cell of graphene accompanied with the hybridisation of the graphene
pi and substrate valence band state might lead to the opening of the larger gap at the Dirac point.
This effect is clearly confirmed here for the same carbon atoms, but for two different spin channels,
where for one of them the hybridisation between graphene pi states and Eu 4 f exists. The effect
of different gap width for different spin channel can be used for the fabrication of spin-filtering
device where the position of the gap with respect to the Fermi level can be tuned by the external
electric potential. The details of such analysis will be presented in our future publications.
The effect of hybridisation between graphene pi and Eu 4 f valence band states is clearly visible
in the difference electron density map shown in Fig. 1(b). Here the formation of the hybrid states
involving graphene pi and Eu 4 f electrons is visible [due to the symmetry of the system, the 4 f
orbitals having projections on the z-axis (excluding 4 fz3) are involved in the formation of these
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states].
As mentioned earlier, the Eu layer is strongly spin polarised due to the contact with the under-
lying Ni(111) substrate. The effect of hybridization between pi and 4 f states (as well as proximity
effect38) might lead to the appearance of the magnetic moment on carbon atoms. In fact, the cal-
culated magnetic moment of carbon atoms is 0.006µB. This value obtained from calculations is
surprisingly small because the magnetic exchange splitting of the valence band states extracted
from DOS plots, which is in the range of 0.3− 0.4 eV for different states [Fig. 2(c)], can give
a large value of magnetic moment of carbon atoms. The experimental verification by means of
spin-resolved photoemission or x-ray magnetic circular dichroism is necessary8.
The resulting distribution of the electronic states in the real and energy space for the graphe-
ne/Eu/Ni(111) system was used for the simulation of the STM images in order to make comparison
between theoretical results and future structural experiments. The resulting pictures are presented
in Fig. 3(a,b) where integration energy range is equal to the difference between EF and binding
energy identical to the used bias voltage. First of all, the STM images are clearly different for the
bias voltages corresponding to the tunnelling from occupied states [Fig. 3(a)] and on the unoccu-
pied states [Fig. 3(b)] of the system. These results also demonstrate that the sublattice symmetry
for two carbon atoms is broken for every carbon ring surrounding either Eu atom or hcp hollow
site of the Ni(111) slab. In this case carbon atoms in the ring are imaged with the different to-
pographic or current contrast. In order to perform more careful comparison between theory and
experiment the systematic tunnelling microscopy/spectroscopy measurements are necessary. For
comparison, the simulated STM images of graphene/Ni(111) are presented in Fig. 3(c,d)37.
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IV. CONCLUSION
We performed DFT studies (GGA+U including long-range dispersive corrections) of the
intercalation-like graphene/Eu/Ni(111) system. We found that intercalation of monolayer of Eu
leads to the decoupling of the graphene electronic states from those of the substrate. Graphene is
strongly n-doped in this system and hybridization between graphene pi states and Eu 4 f states is
found in the energy range below Dirac point. This hybridization leads to the lifting of the degen-
eracy between two carbon atoms in the graphene unit cell that can be detected in the microscopic
and spectroscopic experiments, which are proposed and discussed. The different band gaps for
the spin-up and spin-down channels in the electronic structure of graphene open perspectives for
the application of this system in the future spintronic devices where spin-transport properties of
graphene can be tuned by the external electric field.
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TABLE I: Relative energies (i.e. the energy difference between the energies calculated for the different
slab models and the energy calculated for the top-fcc HCP arrangement) and the corresponding graphene-
Eu and Eu-Ni distances of different structures of graphene/Eu/Ni(111) where Eu atoms are placed in TOP,
FCC, or HCP positions above Ni(111). The graphene-Ni distance for graphene/Ni(111) is presented for
comparison.
System graphene/Ni(111) graphene/Eu/Ni(111)
top-fcc top-fcc TOP top-fcc FCC top-fcc HCP
Rel. energy (meV) +251 +252 0
d (gr-Ni) (A˚) 2.08
d (gr-Eu) (A˚) 2.74 2.75 2.57
d (Eu-Ni) (A˚) 2.41 2.42 2.45
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FIG. 1: (Color online) (a) Top and (b) side views of the graphene/Eu/Ni(111) system with (
√
3×√3)R30◦
symmetry. Small, middle, and large color spheres correspond to carbon, Ni, and Eu atoms, respec-
tively. In (a) small and large rhombuses mark unit cells of gr/Ni(111) and gr/Eu/Ni(111), correspond-
ingly. In (b) the structure of the system is overlaid with the calculated difference electron density,
∆ρ(r) = ρgr/Eu/Ni(111)(r)−ρNi(111)(r)−ρEu(r)−ρgr(r) (red – accumulation, blue – depletion of the elec-
tron density).
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FIG. 2: (Color online) (a-c) Spin-resolved C-atom projected DOS plots for graphene, graphene/Ni(111),
and graphene/Eu/Ni(111), respectively. (d) Eu 4 f partial DOS for graphene/Eu/Ni(111) (filled area) and
bulk bcc Eu (solid thin line) presented for comparison. Inset of (d) shows the electronic band structure of
graphene/Eu/Ni(111) in the vicinity of the K point for the spin-up channel. The C pz and Eu 4 f projected
bands are shown by red and violet circles, respectively.
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FIG. 3: (Color online) Simulated STM images of the graphene/Eu/Ni(111) (a,b) and graphene/Ni(111) (c,d)
systems for occupied (left) and unoccupied (right) states, respectively. In (a) the STM picture is overlaid
with the crystallographic structure of the graphene/Eu/Ni(111) system. Small and large rhombuses in all
images correspond to the unit cell of graphene/Ni(111) and graphene/Eu/Ni(111), respectively.
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